Members of the DISABLED (DAB) family of proteins are known to play a conserved role in endocytic trafficking of cell surface receptors by functioning as monomeric CLATHRIN-associated sorting proteins that recruit cargo proteins into endocytic vesicles. Here, we report a Drosophila disabled mutant revealing a novel role for DAB proteins in chemical synaptic transmission. This mutant exhibits impaired synaptic function, including a rapid activitydependent reduction in neurotransmitter release and disruption of synaptic vesicle endocytosis. In presynaptic boutons, Drosophila DAB and CLATHRIN were highly colocalized within two distinct classes of puncta, including relatively dim puncta that were located at active zones and may reflect endocytic mechanisms operating at neurotransmitter release sites. Finally, broader analysis of endocytic proteins, including DYNAMIN, supported a general role for CLATHRIN-mediated endocytic mechanisms in rapid clearance of neurotransmitter release sites for subsequent vesicle priming and refilling of the release-ready vesicle pool.
Members of the DISABLED (DAB) family of proteins are known to play a conserved role in endocytic trafficking of cell surface receptors by functioning as monomeric CLATHRIN-associated sorting proteins that recruit cargo proteins into endocytic vesicles. Here, we report a Drosophila disabled mutant revealing a novel role for DAB proteins in chemical synaptic transmission. This mutant exhibits impaired synaptic function, including a rapid activitydependent reduction in neurotransmitter release and disruption of synaptic vesicle endocytosis. In presynaptic boutons, Drosophila DAB and CLATHRIN were highly colocalized within two distinct classes of puncta, including relatively dim puncta that were located at active zones and may reflect endocytic mechanisms operating at neurotransmitter release sites. Finally, broader analysis of endocytic proteins, including DYNAMIN, supported a general role for CLATHRIN-mediated endocytic mechanisms in rapid clearance of neurotransmitter release sites for subsequent vesicle priming and refilling of the release-ready vesicle pool. neuromuscular | shibire | short-term depression I ntensive study of chemical synaptic transmission has led to detailed molecular models of synaptic vesicle endocytosis (1) (2) (3) (4) . Ongoing efforts seek to define the underlying molecular components and interactions further as well as their spatial organization with respect to neurotransmitter release sites. The present study reveals novel molecular mechanisms and interactions in synaptic vesicle endocytosis involving a member of the DISABLED family of Phosphotyrosine Binding (PTB) domain proteins. In Drosophila, the disabled (dab) gene, the founding member of the dab gene family, was first identified in a screen for genetic modifiers of abelson (5) . Although putative dab mutations were subsequently mapped to a different gene (6) , recent studies have established functional interactions of Drosophila DISABLED (dDAB) and ABELSON (7) . Proteins closely related to dDAB, including mouse DAB-2 (mDAB-2) and the single Caenorhabditis elegans family member ceDAB-1, function as CLATHRIN-associated adaptors in endocytic trafficking of cell surface receptors (8) (9) (10) . These DABs have been shown to interact with CLATHRIN, the α-ADAPTIN (AP-2) adaptor complex, and other components of the endocytic machinery through conserved binding motifs (8) (9) (10) (Fig. 1A) . Notably, mDAB-2, ceDAB-1, and dDAB share a PTB/DAB Homology (DH) domain near the N terminus (Fig. 1B) , which interacts with specific vesicle cargo proteins and phosphatidylinositol-4,5-diphosphate (11, 12) . Neither DAB proteins nor PTB domain interactions have been previously implicated in synaptic vesicle trafficking.
The present study reveals a role for DAB proteins in synaptic vesicle endocytosis and extends previous work on interactions of endocytic and exocytic mechanisms in neurotransmitter release. Here, we use a glutamatergic neuromuscular synapse of the Drosophila adult as a model for genetic analysis of molecular mechanisms determining conserved properties of glutamatergic synapse function (13, 14) . Previous analysis in this model examined the temperature-sensitive (TS) DYNAMIN mutant shibire and revealed a rapid role for endocytic mechanisms in maintaining neurotransmitter release during synaptic activity (15, 16) . Subsequent work has extended these findings and showed that inhibition of DYNAMIN or AP-2 disrupts fast refilling of the release-ready synaptic vesicle pool (17) (18) (19) . The results reported here demonstrate colocalization of CLATHRIN and DAB at the active zone (AZ) and provide functional and ultrastructural evidence supporting their participation in rapid CLATHRIN-dependent endocytic mechanisms that may clear neurotransmitter release sites for subsequent synaptic vesicle priming and refilling of the release-ready vesicle pool.
Results
Genetic and Molecular Characterization of a New dab Mutant. The dab EC1 mutation was recovered in a classic ethane methyl sulfonate mutagenesis screen for modifiers of the TS presynaptic voltage-gated calcium channel α1 subunit mutant cac TS2 (20-22) that had been recovered previously as a modifier of comatose (23) . dab EC1 is an enhancer of cac TS2 (Fig. S1 ) but also exhibited phenotypes in a cac + genetic background. The isolated dab EC1 mutation produced TS impairment of motor behavior and, as described in the following section, a clear synaptic phenotype. Through genetic mapping, a small pool of candidate genes was selected and subjected to sequence analysis. A molecular lesion was identified in the dab gene, which introduced an early stop codon within the conserved N-terminal PTB/DH domain (Fig. 1B) , and Western blot analysis confirmed that dDAB expression was not detected in this mutant (Fig. 1C) . Furthermore, an independently generated mutant allele, dab EY10190 , failed to complement dab EC1 . Finally, using the GAL4-upstream activation sequence (UAS) system (24) , neural expression of an available UAS-dab transgene (25) was found to rescue the dab EC1 behavioral phenotype. These findings define a new dab mutant and reveal a role for dDAB in neural function.
dDAB Functions in Synaptic Transmission. Excitatory postsynaptic currents (EPSCs) were recorded at dorsal longitudinal muscle (DLM) neuromuscular synapses of the Drosophila adult (13) . At WT synapses, 1-Hz train stimulation produces modest shortterm synaptic depression at both 20°C and 33°C ( Fig. 2 A and B and Fig. S2A ). In dab EC1 at the restrictive temperature of 33°C, the first stimulus produced a WT EPSC amplitude and waveform, indicating that basic properties of synaptic function are preserved in this mutant ( Fig. 2A) . In contrast, subsequent 1-Hz Author contributions: F.K. and R.W.O. designed research; F.K., J.I., L.L.P., C.E.S., S.E.M., and H.Y. performed research; F.K., J.I., L.L.P., C.E.S., S.E.M., H.Y., and R.W.O. analyzed data; and F.K. and R.W.O. wrote the paper.
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This article is a PNAS Direct Submission. stimulation produced a clear activity-dependent reduction in EPSC amplitude with respect to WT ( Fig. 2 A and B) . Furthermore, the dab EC1 synaptic phenotype was rescued by neural (presynaptic) expression of a UAS-dab-EGFP transgene (Fig. 2B) , demonstrating that dab mutant synapses exhibit an activitydependent reduction in neurotransmitter release. The dab synaptic phenotype was not strictly TS because it was also observed at 20°C (Fig. S2 A and B) , consistent with the severe nature of the dab EC1 molecular lesion. Moreover, during prolonged stimulation, dab mutant synapses exhibit strong depression but sustain a reduced steady-state level of neurotransmitter release ( Fig. S2C and Discussion). The preceding results demonstrate an important role for dDAB in neurotransmitter release. dDAB and CLATHRIN Are Colocalized at AZs and Play Similar Functional Roles in Synaptic Transmission. The established role for DABs in CLATHRIN-mediated endocytosis, together with the activity-dependent reduction in neurotransmitter release observed at dab mutant synapses, suggested a novel function for DAB proteins in synaptic vesicle endocytosis. Accordingly, efforts were made to examine the distribution of dDAB within presynaptic boutons. However, immunocytochemical analysis was ineffective using the previously reported anti-dDAB antibody (25) , despite the fact that Western blotting with the same antibody clearly detected endogenous dDAB in the nervous system (Fig. 1C) . Fortunately, a new anti-dDAB antibody was generated in collaboration with Linton Traub (University of Pittsburgh School of Medicine, Pittsburgh, PA). This antibody recognized the dDAB protein (Fig. S3 ) and was suitable for immunocytochemical analysis of endogenous or transgenically expressed dDAB at DLM neuromuscular synapses. These studies revealed a striking distribution of dDAB within presynaptic boutons, including two classes of puncta with different spatial relationships to AZs.
One class of dDAB puncta, referred to as non-AZ, included relatively bright signals that were either adjacent to or spatially D) and W ], and thus raised the possibility that dDAB participates in endocytic processes at neurotransmitter release sites. Note that non-AZ puncta did not surround AZs as might be expected for a periactive zone (PAZ) marker but, instead, formed distinct puncta that were often separated from AZs. This pattern of dDAB localization was further established by imaging native EGFP fluorescence of dDAB-EGFP (Fig. 2  H-L) . Importantly, the distribution of CLATHRIN LIGHT CHAIN (CLC) within presynaptic boutons exhibited very similar classes of non-AZ and co-AZ puncta [ Fig. 2 M-Q (arrows and arrowheads in N) and X ], which were highly colocalized with dDAB ( Fig. 2 R-V ) . A similar distribution was also observed for CLATHRIN HEAVY CHAIN (CHC), the other component of the CLATHRIN lattice (Fig. S4B) . Strong colocalization suggests a close interaction of DAB and CLATHRIN in synaptic vesicle endocytosis and appears to be unusual among endocytic proteins, including DYNAMIN and DAP160 (INTERSECTIN), which are distributed more broadly (Fig. S5 A-N) . The distribution of the CLATHRIN-and DAB-associated adaptor protein AP-2 overlapped with that of CLATHRIN and included co-AZ and non-AZ puncta (Fig. S5 O-U) . The subcellular domain or structure corresponding to non-AZ puncta has not been identified, despite double-labeling studies with several markers for intracellular membrane compartments ( Fig. S5 V-Z and Methods), and thus remains a very interesting issue for further investigation (Discussion). The observed colocalization of dDAB and CLATHRIN at the AZ supports a role for CLATHRINmediated endocytic mechanisms at neurotransmitter release sites. Although the co-AZ puncta were relatively weak, they represent true AZ localization as confirmed by direct comparison of co-AZ signals in dDAB-EGFP and CLC-EGFP preparations, with controls lacking EGFP expression ( Fig. S4 C and D) . The relationship of dDAB and CLATHRIN was further explored through functional analysis of DLM neuromuscular synapses following knockdown of CHC through neural expression of a CHC-RNAi transgene. These synapses exhibited an activitydependent reduction in EPSC amplitude resembling that of the dab EC1 mutant in response to stimulation at 1 Hz (Fig. 2Y ) or 5 Hz (Fig. 2Z ). Taken together, the preceding observations suggest physical and functional interactions of dDAB and CLATHRIN in neurotransmitter release as well as a role for these mechanisms at the AZ.
Ultrastructural Analysis Reveals Disruption of Synaptic Vesicle Endocytosis and Persistence of AZ-Associated and Docked Vesicles at dab Mutant and CLATHRIN RNAi Synapses. To complement the preceding findings, ultrastructural analysis of synaptic vesicle trafficking was carried out at adult DLM neuromuscular synapses of dab mutant or CHC-RNAi preparations. To facilitate detection of phenotypes, these studies were performed at synapses exposed to a restrictive temperature of 33°C and stimulated at 20 Hz. For comparison, unstimulated preparations were examined as well. The basic ultrastructure of dab and CHCRNAi synapses, including the presynaptic dense body (t-bar), synaptic cleft, and postsynaptic density, was similar to that of WT. However, synaptic vesicle endocytosis was clearly disrupted at stimulated dab and CHC-RNAi synapses (Fig. 3A) , as indicated by ultrastructural phenotypes characteristic of those previously reported for defects in CLATHRIN-mediated synaptic vesicle endocytosis (cf. refs. [26] [27] [28] [29] [30] [31] . First, synaptic vesicle size was increased in both mutants with respect to WT ( Fig. 3 A and B), consistent with a role for dDAB (along with CLATHRIN) in synaptic vesicle formation. Furthermore, dab boutons exhibited large cisternae-like membrane structures rarely observed in WT, and these were even more prevalent in CHC-RNAi preparations ( Fig. 3 A and C) . Finally, and importantly, the number of docked synaptic vesicles at either dab or CHC-RNAi synapses persisted or was increased with respect to WT (Fig. 3D) , indicating that synaptic vesicles are present at release sites but unable to fuse efficiently with the plasma membrane. Further analysis determined the distributions of synaptic vesicles at progressively increasing distance from the AZ. Three distinct areas were defined by concentric shells centered at the base of the presynaptic dense body (areas 1, 2 and 3; Fig. 3E) . Notably, the density of synaptic vesicles close to the AZ (area 1) at dab mutant and CHC-RNAi synapses was similar to or higher than that of WT (Fig. 3F) . At a greater distance from the AZ (area 3), dab mutant and CHC-RNAi synapses exhibited a reduced density of vesicles relative to WT. These findings suggest that enhanced synaptic depression following loss of endocytic function does not result from reduction in available synaptic vesicles at release sites. Rather, it appears that endocytic mechanisms are required at the AZ for efficient release of neurotransmitter from available vesicles (15, 17, 18) .
With regard to synaptic activity, stimulated and unstimulated WT synapses exhibited very similar ultrastructure, with the notable exception of a significant reduction in docked vesicles at stimulated synapses [1.93 ± 0.17 (n = 40) and 3.92 ± 0.20 (n = 64) vesicles per AZ at stimulated and unstimulated synapses, re- EC1 exhibits an activitydependent reduction in neurotransmitter release. EPSCs were recorded from adult DLM neuromuscular synapses at 33°C. Recordings were obtained from WT and dab EC1 /Df(3L)Exel6130 (dab EC1 /Df) synapses during 1-Hz train stimulation (100 s). All 100 EPSCs are superimposed. Initial EPSC amplitudes in WT and dab EC1 /Df were 2.05 ± 0.08 μA (n = 19) and 2.15 ± 0.14 μA (n = 12), respectively, and not significantly different. (B) Peak EPSC amplitudes normalized to the initial amplitude are plotted as a function of stimulus number (n = 5). Here and in subsequent figures, data points represent the mean ± SEM. At 33°C, marked enhancement of steady-state depression was observed in dab EC1 /Df relative to WT. This phenotype was rescued (dab rescue) by neural (presynaptic) expression of a UAS transgene encoding WT dDAB fused with EGFP at its C terminus (UAS-dab-EGFP). (C-V) dDAB and CLA-THRIN are colocalized at AZs. Confocal immunofluorescence and native EGFP fluorescence images of DLM neuromuscular synapses expressing UAS-dab (C-G), UAS-dab-EGFP (H-L), UAS-EGFP-clc (M-Q), or both the UAS-dab and UAS-EGFP-clc transgenes (R-V). Anti-HRP and anti-BRUCHPILOT label the neuronal plasma membrane and presynaptic AZs, respectively, and native EGFP fluorescence is denoted as GFP. dDAB and CLATHRIN show strong colocalization. Both proteins are distributed in relatively bright puncta adjacent to AZs (non-AZ; arrows in D, I, N, and S-V) as well as dim puncta located at AZs (co-AZ; arrowheads in D, I, N, and S-V). A similar distribution of co-AZ and non-AZ puncta was observed for endogenous dDAB (Fig. S4A) . BRP, BRUCHPILOT. Comparisons of pixel intensity profiles for dDAB (W) or CLC (X) with those for the AZ marker BRP. (Insets) Images correspond to F and P, respectively. A white line shown in each image designates a line of pixels whose intensities were normalized to the maximum pixel intensity and plotted as a function of distance. Similar activity-dependent synaptic phenotypes were observed at dab mutant and CLATHRIN CHC-RNAi synapses in response to 1-Hz (Y) or 5-Hz (Z) stimulation (n = 4-5). The initial EPSC amplitude at CHC-RNAi synapses was 2.12 ± 0.13 μA (n = 11) and not significantly different from WT. spectively (P < 0.01)]. Although synaptic stimulation generally produced a more severe ultrastructural phenotype at mutant synapses, unstimulated preparations also exhibited significant changes with respect to WT, for example, in synaptic vesicle size and the prevalence of membrane cisternae. A summary of ultrastructural data from stimulated and unstimulated preparations is provided in Table S1 .
Rapid Functional Requirement for CLATHRIN-Mediated Endocytic Mechanisms May Reflect Impaired Refilling of the Release-Ready Vesicle Pool. Previous studies of the TS DYNAMIN mutant shibire indicated a rapid role for DYNAMIN in sustaining neurotransmitter release during synaptic activity (15) . In the present study, disruption of dDAB or CLATHRIN function was not conditional. However, as observed in the shibire (DYNAMIN) TS mutant, each produced activity-dependent reduction in EPSC amplitude with rapid onset during train stimulation (Fig. 4A) . Such an activity-dependent phenotype following disruption of endocytic mechanisms might reflect a depletion of synaptic vesicles that limits refilling of the release-ready vesicle pool; however, this was not the case in shibire (DYNAMIN) (15) or at dab or CHC-RNAi synapses (Fig. 3) . Rather, the ability of available vesicles to release neurotransmitter at AZs appears to be impaired in all three mutants; thus, additional analysis of synaptic ultrastructure in shibire (DYNAMIN) was carried out to examine its relationship with the dab and CHC-RNAi phenotypes further.
As in WT, dab, and CHC-RNAi, ultrastructural analysis of shibire (DYNAMIN) synapses was performed at a restrictive temperature of 33°C following 20-Hz stimulation. For comparison, unstimulated preparations were examined as well. The phenotype of stimulated shibire (DYNAMIN) synapses exhibited clear similarities and differences with respect to those of dab and CHC-RNAi. One interesting difference was that vesicle size was not increased in shibire (DYNAMIN) (Fig. 4B, i and ii and C), probably because new vesicles are not formed at the restrictive temperature in this mutant. Furthermore, CLATHRIN-coated intermediates were observed only at shibire (DYNAMIN) synapses (Fig. 4B, i-iii) . As reported previously, these structures formed from both internal membrane cisternae (Fig. 4B, i and ii) and the presynaptic plasma membrane (Fig. 4B, iii) and reflect arrest of DYNAMIN-dependent vesicle fission in CLATHRINmediated endocytosis (28, 31) . CLATHRIN-coated intermediates at the plasma membrane were occasionally found immediately adjacent to but not within the AZ (Fig. 4B, iii) . Striking similarities of the shibire (DYNAMIN) synaptic phenotype to those of dab and CHC-RNAi were observed as well. The prevalence of internal membrane cisternae was greatly elevated in shibire (DYNAMIN) (Fig. 4B, i and ii and D) and revealed the apparent formation of cisternae as large invaginations (bulk endocytosis) of the plasma membrane (Fig. 4B, iv) . Finally, and importantly, shibire (DYNAMIN) synapses exhibited a similar change in the distribution of synaptic vesicles, including a marked increase in the number of docked vesicles (Fig. 4E) and AZ-associated vesicles ( Fig. 4F ) with respect to WT.
The preceding findings indicate a role for CLATHRINmediated endocytic mechanisms at the AZ in sustaining neurotransmitter release during synaptic activity. This requirement was further investigated using paired-pulse paradigms to examine a role for endocytic mechanisms following a single stimulus and their contributions to recovery in paired-pulse depression (PPD). Our previous work at DLM neuromuscular synapses established that a TS mutation in the t-SNARE protein, SNAP-25, disrupts synaptic vesicle priming, and consequently slows both fast and slow recovery in PPD with respect to WT (13) . In the present study, PPD was examined in three mutants disrupting synaptic vesicle endocytosis: shibire (DYNAMIN), dab, and CHC-RNAi. In each case, the initial EPSC amplitude was similar to that of WT (Figs. 2 and 4A) , suggesting a normal release-ready vesicle pool, and both fast and slow recovery components were slowed as observed in the SNAP-25 TS mutant (Fig. 4 G and H) . These observations indicate that a single stimulus is sufficient to impair subsequent synaptic function in each mutant and suggest a rapid role for endocytic mechanisms in sustaining neurotransmitter release at the AZ. The possibility that similar SNAP-25 and endocytic mutant phenotypes in PPD result from a common defect in synaptic vesicle priming, and thus refilling of the release-ready vesicle pool, was further explored in a double-TS mutant carrying both the shibire (DYNAMIN) and SNAP-25 TS mutations. Although each of these mutations alone produced a similar shortterm depression phenotype in response to train stimulation at 33°C, the double mutant was quite similar to each single mutant alone (Fig. 4I) . Thus, impairment of synaptic vesicle priming in the SNAP-25 TS mutant occludes further enhancement of synaptic depression following disruption of endocytic function. Taken together with the observed persistence or accumulation of docked vesicles in endocytic mutants, these findings suggest that rapid CLATHRIN-mediated endocytic mechanisms are required at the AZ for efficient synaptic vesicle priming and refilling of the release-ready pool.
Discussion
The results reported here reveal a function for the DISABLED family of CLATHRIN-associated sorting proteins (CLASPs) in synaptic vesicle endocytosis and further define the molecular basis for a rapid role of endocytic mechanisms in sustaining neurotransmitter release during synaptic activity.
DAB Function in Synaptic Vesicle Endocytosis. By revealing a function for DAB proteins in synaptic vesicle endocytosis, the present study has implicated a novel molecular component as well as an established set of DAB protein interactions in this process. dDAB function in synaptic vesicle endocytosis appears to involve interactions with CLATHRIN (Fig. 2) , and possibly AP-2 ( Fig. S5 O-U) , which are likely to be mediated by conserved binding motifs (Fig. 1) . In addition, the PTB/DH domain of DAB proteins binds phosphoinositides (9, 12) , which are known to play an important role in synaptic vesicle trafficking (32) . Finally, and importantly, the CLASP function of DAB proteins involves PTB/DH domain binding to a sorting motif (NP×Y) in the cytosolic domain of cargo proteins (11, 12 ). An initial survey of Drosophila synaptic vesicle proteins revealed an NP×Y motif in the cytoplasmic domain of Drosophila SYNAPTOTAGMIN 1 (dSYT1). SYT1 proteins play an important role in synaptic transmission by serving as a calcium sensor for neurotransmitter release (reviewed in ref. 33 ) and also function in synaptic vesicle endocytosis (4, 34) . The dSYT1 NP×Y motif (residues 387-390; NPYY), which is identical in mammalian SYT1 proteins and conserved in other SYTs, is located within the C2B domain near a basic region previously implicated in SYT1-AP-2 interactions (figure 2 in ref. 35 ). This motif is of great potential interest because no classic endocytosis signals have been identified previously in SYTs (36) . Finally, it is of interest to consider the roles of co-AZ and non-AZ populations of dDAB (and CLATHRIN). The rapid-onset synaptic phenotypes observed are likely to reflect localization and function of dDAB and CLATHRIN at the AZ. Further study is required to address whether non-AZ domains may mark an endosomal compartment from which CLATHRIN-mediated vesicle formation may occur (e.g., Fig.  4B, i and ii) . Thus far, immunocytochemistry with markers for several endosomal membrane compartments did not show strong colocalization with dDAB and CLATHRIN, as shown in Fig. S5 for the FYVE domain marker for endosomes containing phosphatidylinositol-3-phosphate (37) .
The preceding considerations raise interesting questions about how the loss of specific dDAB molecular interactions may contribute to the resulting synaptic phenotype. It seems unlikely that the dab synaptic phenotype reflects simple mis-sorting of a synaptic vesicle protein, given the similar phenotypes associated with loss of function for several different endocytic proteins (Figs. 3 and 4) . Rather, as described in the following section, it appears that common features of these phenotypes, including a rapid activity-dependent reduction in neurotransmitter release, slowed recovery in PPD, enlarged membrane cisternae, and persistence or accumulation of AZ-associated and docked synaptic vesicles, reflect a general loss of endocytic function. Consistent with this interpretation, dSYT1 exhibited a WT distribution at dab mutant synapses (Fig. S6 A-J) . Thus, either dDAB does not participate in dSYT1 sorting or sufficient redundancy is provided by interactions of SYT1 with at least two other CLATHRIN-associated adaptor proteins, AP-2 and Stonins (4, 36) . Furthermore, the distributions of other synaptic vesicle proteins at dab mutant synapses, including neuronal SYN-APTOBREVIN (38) and the vesicular glutamate transporter (39), were similar to those of WT (Fig. S6 K-T and U-D′, respectively). Thus, synaptic vesicle composition appears to be preserved in dab. These findings are consistent with the WT EPSC observed in response to the first stimulus ( Fig. 2A) and complete recovery in PPD (Fig. S7) , as expected for the presence and recovery of a fully functional release-ready vesicle pool.
Finally, dab mutant synapses exhibit strong depression during prolonged stimulation but sustain a reduced steady-state level of neurotransmitter release. This is in contrast to the DYNAMIN mutant, shi TS1 , in which EPSC amplitudes progressively decline to zero (Fig. S2C) . In light of the severe nature of the molecular lesion in dab EC1 , these findings suggest persistence of residual synaptic vesicle endocytosis in the absence of dDAB. This likely reflects redundancy in the mechanisms of synaptic vesicle endocytosis, as shown for several other endocytic proteins (4, 35, 40) .
Rapid Endocytic Mechanisms Maintaining Neurotransmitter Release
During Synaptic Activity. Our previous analysis in the shibire (DYNAMIN) mutant demonstrated a rapid activity-dependent reduction in neurotransmitter release that could not be explained simply by the classic role of DYNAMIN in recycling synaptic vesicles (15) . Rather, it was suggested that accumulation of endocytic intermediates at release sites may occlude fast refilling of the release-ready vesicle pool and that their rapid clearance contributes to maintenance of neurotransmitter release during synaptic activity. Recent studies at the Calyx of Held have further established a rapid role for DYNAMIN and AP-2 in maintaining neurotransmitter release, which preceded formation of endocytic vesicles, and directly demonstrated its requirement for fast refilling of the release-ready vesicle pool (17, 18) . The present study provides several unique insights into the mechanisms by which endocytic processes regulate exocytosis. First, localization of both dDAB and CLATHRIN at the AZ (Fig.  2) suggests a local role for endocytic mechanisms near release sites. Second, persistence or accumulation of the docked synaptic vesicle pool at AZs (Figs. 3 and 4) indicates a postdocking role for endocytic mechanisms in synaptic vesicle fusion. Third, the similar electrophysiological and ultrastructural phenotypes observed following loss of DYNAMIN, dDAB, or CLATHRIN function strongly support a general role for CLATHRIN-mediated endocytic mechanisms in this process. Finally, comparing and combining endocytic loss of function with a SNAP-25 TS mutant suggests that rapid endocytic mechanisms are required for t-SNARE-mediated synaptic vesicle priming (Fig. 4 G-I) . . Working model for CLATHRIN-mediated endocytic mechanisms in rapid clearance of neurotransmitter release sites. In this model, synaptic vesicle priming and refilling of the release-ready vesicle pool depend on rapid endocytic mechanisms operating at the AZ. For simplicity, synaptic vesicle proteins to be cleared from the release site are not shown and the endocytic apparatus is represented by CLATHRIN alone. The cis-SNARE complex at the PAZ reflects previous studies demonstrating redistribution of t-SNAREs from AZ to PAZ regions, where they likely reside in cis-SNARE complexes that are disassembled by NSF and SNAP (13) . Because it appears that endocytic mechanisms (but not NSF) are required for fast recovery in PPD (as is SNAP-25-dependent vesicle priming) (13) , release site clearance rather than availability of t-SNARES may limit synaptic vesicle priming after a single stimulus. SYB; v-SNARE protein SYNAPTOBREVIN; SYX; t-SNARE protein SYNTAXIN; CAC, presynaptic voltage-gated calcium channel. Synaptic protein representations were modeled after those reported previously (55).
Together with previous work, the results reported here support a working model in which components of the CLATHRINmediated endocytic machinery first interact at the AZ to clear neurotransmitter release sites and subsequently mediate vesicle formation in the PAZ (Fig. 5) . Key features of this model are discussed in the following text, including the spatial distribution of endocytic proteins and CLATHRIN-coated vesicle intermediates with respect to neurotransmitter release sites.
Our observation of dDAB, CLATHRIN, and AP-2 localization to the AZ was greatly facilitated by the ability to examine isolated AZs at DLM neuromuscular synapses and by the restricted spatial distributions of these proteins. Note that these features are distinct from those of larval neuromuscular synapses (cf. refs. 29, 30, 41, and 42) and that our previous studies suggest no rapid role for DYNAMIN in exoendocytic coupling in this preparation (43) . At adult neuromuscular synapses, the rapid functional roles of DYNAMIN and DAP160 (Fig. S8) suggest these proteins are also present at the AZ and participate in early stages of CLATHRIN-mediated endocytosis. However, their broader distribution within boutons makes it more difficult to confirm localization to the AZ (Fig. S5 A-N) . With respect to DYNAMIN, which is known to complete vesicle formation through membrane fission (44), previous studies have shown it is also present and functionally important at early stages of CLATHRIN-mediated endocytosis (45, 46) . AZ localization of endocytic proteins might suggest a mechanism of release site clearance involving rapid formation of CLATHRIN-coated vesicles directly from the AZ; however, this mechanism is not favored, primarily because ultrastructural studies indicate that CLATHRIN-coated vesicles form at PAZ, rather than AZ, regions of the plasma membrane (47, 48) (Fig. 4B, iii) . Although elongated membrane invaginations occur at the AZ in the shibire (DYNAMIN) mutant during recovery from massive synaptic vesicle depletion, these do not appear to have CLATHRIN coats (49) . In the present study, smaller membrane invaginations (Ω-structures) observed at the AZ were not CLATHRIN-coated but often exhibited filamentous connections with the presynaptic dense body (t-bar) (Figs. 3A, iv and 4B, ii and Fig. S9 ). These structures occurred at low frequencies that were not significantly different among all genotypes. It remains unclear whether or not they are related to rapid synaptic vesicle endocytosis (50) and how they may contribute to neurotransmitter release.
Regarding the spatial distribution of endocytic intermediates relative to AZs, remarkable ultrastructural analysis has defined a sequence of events in synaptic vesicle exocytosis (51) and endocytosis (47) with high time resolution. Vesicle fusion was observed within several milliseconds after a stimulus and appeared to deposit clusters of large particles into the AZ region of the plasma membrane. Particle clusters were maximally abundant at 20 ms after stimulation and disappeared rapidly over the following 200 ms (47), consistent with a role for rapid clearance of release sites in synaptic vesicle priming and short-term depression (15, 17, 52) (Fig. 4) . Particle clusters were thought to dissipate after vesicle fusion (51) , and further analysis suggested they may reassemble within CLATHRIN-coated pits at the PAZ (47) . In contrast, recent superresolution light microscopy studies showed that native synaptic vesicle proteins deposited in the plasma membrane from different vesicles do not mix before endocytosis but, instead, remain in distinct clusters and are retrieved separately (53) . Moreover, plasma membrane-resident synaptic vesicle proteins may tend to be excluded from the AZ, as observed in conventional confocal imaging of the native synaptic vesicle protein SYNAPTOBREVIN (13) . In our current working model (Fig. 5) , endocytic mechanisms facilitate rapid clearance of synaptic vesicle proteins from release sites either within larger assemblies corresponding to single vesicles or within smaller protein complexes that subsequently assemble in the PAZ as CLATHRIN-coated pits. A parallel process was described in our recent work at DLM neuromuscular synapses demonstrating activity-dependent redistribution of t-SNARE proteins from AZ to PAZ regions, which likely reflects their participation in plasma membrane cis-SNARE complexes (13) . In comparing these studies, it is of interest to consider the relative contributions of release site clearance and t-SNARE availability to synaptic vesicle priming (Fig. 5 ) and whether AZs maintain their distinctive protein composition, as well as functionality of neurotransmitter release sites, through sorting mechanisms that distinguish among different functional or biochemical states of a protein.
Methods
Detailed methods are provided in SI Methods. These describe Drosophila strains, mutagenesis and screening, sequence analysis of the dab EC1 mutant, generation of transgenic lines, generation of a polyclonal anti-dDAB antibody, Western blot analysis, electrophysiology, immunocytochemistry and confocal microscopy, transmission electron microscopy (TEM), TEM image analysis, and analysis of numerical data. Newly developed research materials include the dab enhancer of cac TS2 1 (dab EC1 ) mutant, transgenic lines for expression of a dDAB-EGFP fusion protein, and a rabbit polyclonal antibody against dDAB.
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